In this study, effects of the shell material and confinement type on the conversion efficiency of the core/shell quantum dot nanocrystal (QDNC) solar cells have been investigated in a detail manner. For this purpose, the conventional, i.e original, detailed balance model, developed by Shockley and Queisser to calculate an upper limit for conversion efficiency of silicon p-n junction solar cells, is modified in a simple and an effective way and calculated the conversion efficiency of core/shell QDNC solar cells. Since the existing model relies on the gap energy (E g ) of the solar cell, it does not make an estimation about the effect of QDNC materials on the efficiency of the solar cells and gives the same efficiency values for several QDNC solar cells with the same E g .
INTRODUCTION
The last developments in the technology and wet chemical synthesizing techniques open a new door to fabricate of the new generation quantum dot nanocrystal (QDNC) based solar cells. It is expected that the new generation QDNC solar cells will have higher conversion efficiency [1] [2] [3] [4] [5] since their electronic and optical properties are easily controlled through their size, structure and material composition and also the multiple exciton generation (MEG) can be possible in QDNCs. As well known, the QDNCs are nanoscale crystals of semiconductor materials in which the carriers can be completely confined in all spatial dimensions. This kind of confinement is gained some superiority, such as controlling of the effective band gap, to the QDNCs for some device applications. This and controllable these kinds of unique properties of QDNCs make them a good candidate to fabricate of new generation optoelectronic or photovoltaic devices [1, [6] [7] [8] .
The upper limit of conversion efficiency of a single p-n junction silicon solar cell calculated by detailed balance theory is approximately 33% and this efficiency value is known as Shockley-Queisser limit [9, 10] . This limit has become a strong motivation for scientists working on development of solar cells and so, this model is very important in history of solar based energy studies. Although the model was reported in 1961 by Shockley and Queisser [9] for single p-n junction solar cells, it is used extensively as well to calculate the efficiency values of QDNC solar cells [11, 12] . This model, fundamentally established depending on the band gap (E g ) variation, has been modified [13] in different manner to calculate the efficiency of new generation QDNC solar cells [14] . These important modifications are basically related to the MEG in QDNCs [15] [16] [17] . In addition to the MEG, some other modifications such as, free carrier absorption, Auger recombination etc. have been realized by some authors [19, 20] . The essential aim of these modifications is to execute a more realistic efficiency calculations and to understand the fundamental physics of the devices and as a result, to suggest much better QDNC solar cell designs. In some studies, the carrier multiplication phenomena and in addition to this, photon up-and down-conversion processes have been investigated in a detail manner to understand the limitation of high conversion efficiency of QDNC solar cells [21] [22] [23] [24] [25] [26] .
As well known, the detailed balance model assumes that all photons coming from the sun with energies equal to or greater than E g are absorbed and formed electron-hole pairs (excitons). In this idealized model, the sole loss mechanism is radiative recombinations of the excitons [9, 12] . Since the model is based on E g only, the efficiency of any photovoltaic device is equal to that of another one with the same E g . For example, the efficiency of a QDNC solar cell with E g = 1.1 eV is almost completely same with that of a bulk silicon solar cell. Similarly, according to the original detailed-balance model, the efficiency of solar cells with type-I QDNC is identical with the efficiency of solar cells with the type-II QDNC if their E g values are the same [16, 17] . There are a number of theoretical studies have been reported in the literature related to conversion efficiency of the QDNC based solar cells and the calculations have been performed in the frame of the original detailed balance model in all these studies [11, 12, [16] [17] [18] [19] .
Nevertheless, essentially, it is not possible to have the same efficiency values for all types of QDNC solar cells, even if they have the same E g owing to other material properties of solar cells such as, effective masses of the carriers, dielectric properties of the materials, size of the QDNCs, confinement type etc. and all these properties are very important in terms of the carrier dynamics in the solar cells. On the other hand, the recombination probability is so high in type-I structures and also, in practice, collecting of the carriers from type-I QDNCs is not so easy due to the both electron and hole confined inside the core when compared to the type-II QDNCs.
The main aim of this study is to modify the original detailed balance model in order to calculate the structure dependent upper limit for conversion efficiency and to investigate the effects of shell materials and confinement types of the QDNCs on the efficiency of the solar cells using the modified model. With this modification, the model can estimate an upper limit for the conversion efficiency of QDNC solar cells based on material properties and confinement type of the QDNCs. In the modification, without making drastic changes on the original model, the quantum mechanical oscillator strength effect is taken into account in the radiative recombination current calculations. As well known, the oscillator strength is an important and unitless parameter in determining of all optical properties of quantum mechanical systems from atoms to solids. The radiative recombination phenomenon in photovoltaic devices is also an optical process and the oscillator strength must be taken into account in the conversion efficiency calculations. As will see ahead, the oscillator strength is basically dependent on overlaps of the wavefunctions of the electron and hole as well as transition energy of the exciton and Kane energy of the materials. All these quantities rely on the crystal structure properties, confinement regime, effective masses of the carriers, and dielectric properties of the QDNC materials. In the next step, the conversion efficiencies of the solar cells based on type-I and type-II QDNC with different shell materials are calculated by using both the original and modified detailed balance models. The results are presented comparatively and probable physical reasons are discussed. We see that the modified model can estimate appropriate materials and confinement type of the QDNCs that will be used in design and fabrication of more efficient solar cells.
MODEL AND THEORY
In the original detailed balance model, the photogenerated current density is given by [13] 
where q e is the electronic charge, φ(hν) is the photon flux density of the sun[27], and
) is the quantum yield of the absorbed photon, dependent on both photon energy hν and gap energy E g . The QY (hν, E g ) is actually external quantum efficiency (EQE) and it contains EQE(hν) = C(hν)(1 − R(hν))a(hν) and where C(hν) is the collection probability of the excited carriers to do work, R(hν) is reflectance of the incident photons and a(hν) is the absorbance of incident photons. In ideal conditions, there is no reflectance, i.e. R(hν) = 0, and all photons with equal or higher energies than E g are absorbed, i.e.
a(hν) = 1, and hence C(hν) becomes equal to QY (hν, E g ).
The MEG is integrated into the detailed balance model by favour of the QY (hν, E g ) as
Here, θ(hν, mE g ) is Heaviside step function and M is an integer, M = hνmax Eg
. In case of fixing of the QY (hν, E g ) to unity, the MEG will become absent. The recombination current density in the original model is given by
where h is Planck's constant, c is the light speed in the vacuum, k is Boltzmann's constant, T is temperature and the V is applied voltage to the cell, and it is also taken into consideration as a constant quasi-Fermi level separation and its value is determined by a numerical search as it will maximize the efficiency of the solar cell. Here, the relation between the QY (hν, E g ) and EQE is apparently the same with that in the photogenerated current except absorbance parameter. For the recombination current density, the EQE is taken as
where ǫ(hν) is the emissivity. That is, the absorbance parameter is replaced by the emissivity and its value is unity for the black body. The efficiency of the solar cell is calculated by means of
where J net = J pg − J rc , net current density and P in is the total solar irradiance coming onto the solar cell and its value has been set to AM1.5 condition in the calculations.
In bulk semiconductor materials, as seen in the top panel of Fig. 1 , when an electron, with assistance of a photon, passes to the conduction band, it leaves a hole in the valence band and an attractive Coulomb potential comes into being between the electron and hole.
On the other hand, the attractive Coulomb energy can not be predominant and it is small when compared to thermal energy (kT ) for most bulk semiconductors and therefore, it can be easily broken down even if there is no an external electric field and hence, the carriers can move freely in the bands. That is, the recombination probability of an electron-hole couple is relatively weaker in bulk semiconductor materials.
As for QDNCs, there can be different recombination mechanisms depending on the confinement regimes. In type-I confinement regime, seen in middle panel of Fig. 1 , unlike bulk materials, since there are confinement potentials in both the conduction and valance bands, the electron and hole can not move like free particles. Therefore, the recombination probability of an exciton in type-I structures can be very high depending on size of the nanocrystal and the confinement potential depth even if there is an external electric field. Also, the attractive Coulomb potential between the electron-hole couple becomes predominant because of the confinement when compared to the bulk semiconductors. In type-II QDNCs shown in bottom panel of Fig. 1 , while one of the carriers is confined in the core, the other one is confined in the shell region and so the carriers are separated spatially in contrast to the type-I confinement regime. Consequently, it can be said that the recombination probability in type-II structures is smaller than that in type-I ones and therefore, the probability of contribution of the carriers to the photocurrent in type-II structures will be higher.
As the electron and hole move like free particles in bulk semiconductors, the recombination current mechanisms expressed by Eq. 3 in the original detailed balance model works good enough for solar cells like silicon p-n junction. On the other hand, in the QDNC solar cells, the recombination current density is larger because of higher recombination probabilities and hence, this higher recombination probability should be added into the recombination current density. Here, it should be noted that the oscillator strength will not be taken into account in calculation of the photogenerated current. Because, according to detailed balance limit assumptions, all photons with equal to or higher energies than E g are absorbed and collected to do work. On the other hand, the recombination current density is calculated statistically by basically using of Planck distribution function and it is strongly dependent on the radiative recombination oscillator strength. And hence, the oscillator strength must be taken into account in calculation of the recombination current density. Now, Eq. 3 can be modified as follows: The EQE given in Eq. 4 can be rearranged to include the recombination probability. When we focus on Eq. 4, in detailed balance limit and assumptions, we see that R(hν) = 0, ǫ(hν) = 1 and C(hν) = QY (hν, E g ). Here, the C(hν) is strongly dependent on the overlap of electron-hole wavefunctions and this effect must be insert into Eq. 4. Therefore, it can be written as C(hν) = f QY (hν, E g ) and in calculation of the recombination current density for a QDNC solar cell, employing of the following expression instead of Eq. 3 is more reasonable.
where f is recombination oscillator strength and it is given by[28]
Here, E p is Kane energy and E x is the exciton transition energy. In Eq. 7, the Kane energy is strongly dependent on the crystal properties of QDNC materials, and the wavefunctions involve the penetration effect to the barrier region and so, the electron and hole energy states are affected from the penetrations. That is, when we make an overall glance to the last two equations, we see that the recombination current density includes these material dependent parameters and it has been transformed into a material dependent form.
RESULTS AND DISCUSSION
In this study, both type-I, InP/ZnS and InP/GaP, and type-II, InP/GaAs and InP/GaSb, QDNC structures have been taken into consideration. In all structures, the core material is chosen as InP while the shell materials are different. Therefore, not only confinement types but also effects of the shell materials can be evaluated more salutary. In addition, results of the modification on the original detailed balance model can be seen more clearly.
The potential profiles of both type-I and type-II structures are seen in Fig. 2 . The band offsets have been determined by using of the electron affinity values of the materials.
[28] The QDNCs, respectively. In the calculations, the shell thickness is taken as constant, 10Å. All material parameters used in the electronic structure calculations are listed in Table I .
After computation of the energy levels and corresponding wavefunctions of the QDNCs, the photovoltaic efficiencies are calculated by using the original and modified detailed balance Here, it is important to emphasize that there is no effect of what the shell material is on the solar cell efficiency because the original detailed balance model depends only on the E g . When the MEG is considered in the calculations, the efficiency values become larger in case of hν ≥ 2E g as expected and reported in previous studies [16, 17] . It should be noted that the QY (hν, E g ) is taken as maximum 2 when the MEG taken into consideration in the calculations because there can be maximum two carriers in ground states of the QDNCs for selected materials. When we look at bottom panel of Fig. 3 , we see that the maximum efficiency values are slightly greater with respect to the type-I structures because of the smaller E g values of the type-II QDNCs. Also the general behaviour of the efficiency values are the same with studies reported in the literature. As can be seen from the figure, the shell material has no effect on the solar cell efficiency in type-II structures as well. After this overall glances, when we focus on both panels of Fig. 3 However, actually, the shell material and/or the confinement type of the QDNC must have crucial effects on the electronic and optical properties of QDNCs such as, overlaps of the wavefunctions, recombination oscillator strengths etc. depending on penetration of the wavefunctions to the shell regions as well as the other material parameters such as, effective masses, dielectric constants etc. Thereby, the recombination current density and so the efficiency of the QDNC based solar cells must be strongly dependent on these properties of the QDNCs. The oscillator strength (OS) contains all these effects and it must be taken into consideration in the recombination phenomenon as mentioned before. Figure 4 shows the OSs of the type-I (top panel) and type-II (bottom panel) QDNCs as a function of the core radii. Here, at the same time, the gap energies, corresponding to each core radius, are given on the bottom axes of the graphs. It should be noted that the gap energies are calculated by means of E g = E g (bulk) + E e + E h , where E g (bulk) = E g1 for the type-I, and E g (bulk) = E g1 −V 0h for the type-II structures, E e and E h are single particle energy states of the electron and hole, respectively. These single particle energy values are strongly dependent on the effective masses of the electron and hole and penetration of the wavefunctions to the barrier regions as mentioned in previous section and hence, the same core radii may correspond to different gap energies depending on the shell materials. When we look at both panels, we see that the behaviours of the OSs are completely different in type-I and type-II structures.
The OS in type-I QDNCs increases with increasing core radius (decreasing E g ) while it decreases in type-II QDNCs. At the same time, the shell materials effects on the OS are seen clearly in all QDNCs. In type-I structures, the OS values of InP/ZnS are smaller, radii. This is because the overlaps of the electron and hole wavefunctions are larger in larger core radii. This results in higher recombination probabilities. Also, the overlapping is bigger in InP/GaP QDNC than in InP/ZnS. As for the type-II QDNCs, the OS values are almost same and bigger at smaller core radii (higher E g values) and decrease with increasing core radii. This is because both electron and hole localize to the vicinity of the core region at smaller core radii. When the core radius increases, strong confinement regime relaxes and the overlapping of the wavefunctions decreases with increasing spatial separation of the carriers. So the lifetime of the carriers becomes longer and the recombination probability becomes smaller. That is, the modified model is able to estimate an upper limit for the efficiency of the QDNC solar cells depending on the material properties and confinement types. This is an extremely important result in terms of both confinement type and determining of the QDNC materials which will be fabricated for the solar cell applications. It is hoped that the modified model will be used to carry out more realistic efficiency calculations in the manner of including material properties and so better QDNC solar cell design can be realized.
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